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Sir: 



Rachid Yazami hereby declares as follows: 



1. I, Rachid Yazami, am an inventor of the above-identified U.S. Patent 
Application No. 10/660,382. 

2. I am presently a Research Director at Centre National De La Recherche 
Scientifique (C.N.R.S.) and a Visiting Associate in Chemistry at the California 
Institute of Technology. 

3. I have experience and expertise in the field of electrochemistry and material 
science, including silicon electrodes and lithium electrochemical cells. 
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Appl.No. 10/660,382 
Dated: May 22, 2009 

Response to Office Action of December 24, 2008 

4. I have reviewed the Office Action of December 24, 2008 for U.S. Patent 
Application No. 10/660,382 and the references cited therein, including 
Abstract 257 of The 11 th International Meeting on Lithium Batteries in 
Monterey, CA on June 23-28, 2002, entitled 'Li Insertion/Extraction Reaction 
of a Si Film Evaporated on a Ni Foil' (Takamura et al.); and Abstract 52 of 
The 11 th International Meeting on Lithium Batteries in Monterey, CA on June 
23-28, 2002, entitled 'New active material structure in Si thin film electrodes 
for rechargeable lithium batteries' (Sayama et al.). 

5. Figures 8A, 8C and 8E of U.S. Patent Application No. 10/660,382 provide 
plots of voltage versus capacity for nanostructured silicon electrodes having 
an Si0 2 outer layer. The weight percent of Si0 2 present in the electrodes can 
be determined from Figures 8A, 8C and 8E by the following theory and 
calculations: 



Assuming the active electrode material composition is Si p O, during the first 
discharge of a Li/Si p O half cell, the electrode reaction is expected to take 
place in two steps: 

1) Li reacts with the Si02 outer layer: 



SipO can be written as Si( P -i/ 2 )(Si0 2 )i/2- The weight percent of Si0 2 is given 



4Li + + 4e +Si0 2 2Li 2 0 + Si 
2) Li reacts with Si (both from reaction 1 and from Si film) 
4.4Li + + 4.4e" +Si ^ Li 4 . 4 Si 



(1) 



(2) 



by: 



SiOy wtM = 100 



30 



(3) 



2B/> + !6 



Combining equations (1) and (2), the first lithiation of Si p O can be written as: 
Si( P -i/ 2 )(Si0 2 )i/ 2 + (4.4p+2)Li Li 2 0 + pLi 44 Si (4) 
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The corresponding theoretical specific capacity of Si p O during the first 
discharge is given by: 



96500 (4.4p + 2) , ff , , 

Q« = — ~ imAhf g) 

3.6(28/7 + 16) 



The 'irreversible capacity' due to the equation (1) is 

96500 x4 



(5) 



a, = 



3.6 (28^ + 16) 



(mAh / g) 



(6) 



Q ir can be determined as part of or as the total amount of the capacity loss 
during the first charge. The capacity ratio Qi/Q th (or first cycle efficiency) is 
given by: 

Q ir = 4 

Q th " 4.4^ + 2 ( 7 ) 



Knowing Q i7 /Q th allows p to be determined, therefore the maximum Si02 wt.% 
from equation (3). Three examples are given in Figure 8. The results are 
summarized in the table below: 



Fig. # 


Qir (Ah/g) 


Qth (Ah/g) 


P 


Max. Si0 2 wt.% 


8A 


2.7 


5 


1.29 


57.5 


8C 


1.4 


2.4 


1.10 


64.1 


8E 


0.56 


3.5 


5.22 


18.5 



discharge (Qth) and the first 
charge. 

**Theoretical capacity Qth is the total discharge capacity during the first cycle. 

6. Including a silicon oxide outer layer on silicon nanofilms, or lithium alloys 
thereof, that comprise the electrodes of the present invention provides 
important attributes fundamental to the performance of the claimed 
electrodes. For example, the silicon oxide outer layer of these electrodes 
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reacts with lithium and contributes to the formation of a solid electrolyte 
interphase (SEI) layer, which improves the stability of the electrochemical cell 
by minimizing self discharge. The silicon oxide layer of these electrodes also 
further provides important safety related benefits to the electrochemical cells 
by preventing the formation of metallic lithium dendrites. At the time of the 
invention of U.S. Patent No. 10/660,382, these benefits attributed to a silicon 
oxide outer layer were not well-known. 

6. At the time of the invention of U.S. Patent No. 10/660,382, a skilled artisan 
would have viewed incorporation of an appreciable Si0 2 outer layer into a 
silicon electrode as undesirable. Referring to Exhibit A (Gao et al., 2001, 
"Alloy Formation in Nanostructured Silicon," Advanced Materials, vol. 13 no. 
11, pgs 816-819), Si0 2 nanoparticles react with lithium and were observed to 
have a relatively large voltage hysteresis between charge and discharge [See 
page 818], which would be viewed an undesirable property for 
electrochemical cell applications. Exhibit A further teaches that the surface 
silicon oxide was found to be a barrier for lithium diffusion and a source for 
some of the irreversible capacity in the silicon/lithium electrochemical system 
[See pg. 819], which also would be viewed as an undesirable property for 
electrochemical cell applications. Referring to Exhibit B (Yang et al., 2002, 
"SiOx-based anodes for secondary lithium batteries," Solid State Ionics, vol. 
152, pgs. 125-129), Si0 2 within an electrode may be obstructive to the initial 
lithium insertion and diffusion [See pg. 126]. Exhibits A and B provide 
evidence that one of skill in the art would have been motivated at the time of 
the invention of U.S. Patent No. 10/660,382 to minimize or entirely eliminate 
the presence of Si0 2 in an electrode from an electrochemical cell. 

8. I further declare that all statements made herein of my own knowledge are 
true and that all statements made on information and belief are believed to be 
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true; and further that these statements were made with the knowledge that 
willful false statements and the like so made are punishable by fine or 
imprisonment, or both, under Section 1001 of Title 18 of the United States 
Code, and that such willful false statements may jeopardize the validity of the 
above-identified U.S. Patent Application No. 10/660,382 or any patent issuing 
thereon. 



Date: May 25, 2009 




Rachid Yazami 



5 



Exhibit A 



ADVANCED . 
/MATERIALS 



calcite and about half the value of known liquids (N 2 , 0 2 , CS 2 , 
and others) J 1 ' 20 ^ (NaP0 3 ) x is thus a promising new material to 
investigate near-IR (NIR) Raman-based laser shifters or am- 
plifiers. Because of the glass properties, an interaction length 
much larger than accessible for crystals is feasible. Moreover, 
solids always provide more active centers per volume than 
compared to gases or liquids, hence resulting in a high gain 
over a short path length. 

First experiments for obtaining (NaP0 3 ) x fibers by a tech- 
nique described elsewhere,^ resulted in filled silica glass 
capillaries. However, obtained fibers showed air inclusions, 
extending up to 1 cm. These voids may be formed due to a 
different thermal expansion coefficient of (NaP0 3 ) x (a = 243 
x 10 -7 K -1 ^) compared to that of silica glass (a = 0.45 x 
10~ 6 K -1 ^). Other attempts concentrated on pulling (Na- 
P0 3 ) x glass directly into fibers. Melting of the polyphosphate 
glass in a butane/0 2 flame and pulling resulted in -20 cm long 
fibers of 0 = 200-100 urn. 



Experimental 

NaH 2 P0 4 (Fluka, purum) was first heated in a ceramic crucible in air at 
400 °C. Primary ingots were cut into small pieces and placed into a glassy car- 
bon crucible. Transformed into an inconel 600 tube, samples were evacuated 
and the temperature was increased slowly up to 950 °C. The melt was kept un- 
der vacuum for 8-12 h. Thereafter, a nitrogen gas flow was applied and the melt 
was kept at 950 °C for 2.5 days in order to homogenize the melt. Finally, the 
melt was quenched to 200 °C under nitrogen. The glassy carbon crucible was 
then transferred from the inconel tube into a furnace allowing slow cooling to 
room temperature (cooling rate: 10°C/h). 

Samples were cut into pieces of 2-3 cm length by the use of a diamond saw 
whilst being embedded in Demotec 33 (polymer). Polishing was carried out in 
air using a resin-bonded diamond of nominally 40 um, 30 um, and 10 um grain 
size, followed by a finish with 1 \im A1 2 0 3 on TEXMET cloth. For all polishing 
steps paraffin oil had to be used, because of some sensitivity to humidity. 

Received: December 27, 2000 
Final version: February 7, 2001 
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Alloy Formation in Nanostructnred Silicon* * 

By Bo Gao, Saion Sinha, Les Fleming, and Otto Zhou* 

Materials often exhibit different properties when the criti- 
cal dimensions of their basic building blocks are reduced to 
the nanometer range. For example, fundamental properties 
such as electronic bandgap and melting temperature of semi- 
conductor quantum dots are considerably different from their 
counter parts in bulk formJ 1 ^ Dimensionality and particle size 
can be utilized as a controllable parameter for materials 
design and processing.^ Alloy formation in nanomaterials, on 
the other hand, has not been well documented. It is unknown 
whether the thermodynamic equilibrium phase diagrams 
established for macroscopic systems are still valid for nano- 
materials where surface energies become non-negligible in 
the total free energies of the systems, or how reaction kinetics 
are affected by the large surface/volume ratio. Here we report 
alloy formation in nanostructured silicon and lithium, a sys- 
tem of potential technological importance. Nanostructured 
sp 3 silicon (n-Si) materials synthesized by the laser ablation 
technique were reacted with lithium metal by solid state and 
electrochemical methods. Structural studies showed formation 
of n-Si and Li alloys as predicted by the equilibrium phase 
diagram of macroscopic Si and Li. The energy barriers for 
formation of Li-Si alloys are significantly reduced. In our 
experiments, reversible electrochemical reaction was found to 
take place at 300 K, about 400 K below what is possible for 
bulk Si. The high reversible Li concentration (Li 0 .845Si) and 
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/MATERIALS 



low electrochemical potential with respect to Li/Li + make n-Si 
and Li alloy attractive for Li storage applications. 

Macroscopic Si is known to form Li-rich intermetallic com- 
pounds with compositions up to Li 2 2Sis.^ The chemical bond- 
ing and electronic properties of these stoichiometric com- 
pounds are significantly different from those of the cubic Si. 
Their electrochemical properties have been investigated for 
applications in high temperature molten salt batteriesJ 3 ' 4 ^ In 
addition to a higher Li storage capacity compared to that of 
graphite,^ Si-Li alloys have low electrochemical potentials 
with respect to Li/Li + , which is attractive for use as negative 
electrodes. However, bulk Si has limited reactivity towards Li 
at room temperature;^ electrochemical reaction typically 
takes place above 400 °C. Small Si particles could have in- 
creased reactivity and their room temperature reaction with 
Li was reported recently J 6 ^ Si nanoparticles^ and nanowires^ 
with diameters of 10-50 nm and sp 3 bonding were recently 
fabricated by solution synthesis and laser ablation method, re- 
spectively. The large surface/volume ratio results in changes 
of some of the basic thermodynamic properties such as the 
melting temperature.^ A recent experiment also demonstrat- 
ed electrochemical doping of the Si nanowires (SiNWs) with 
Li at 300 K, [10] suggesting that the SiNWs may have a differ- 
ent chemical reactivity compared to macroscopic Si. 

The n-Si materials used in this study were fabricated using 
a laser ablation system^ under conditions described by 
Morales and Lieber.^ Targets composed of Si powder and 
10 at.-% Fe were sintered and ablated by a 532 nm Nd:YAG 
laser at 1150 °C under a constant argon flow. Transmission 
electron microscopy (TEM) examinations showed that the 
as-synthesized materials contained about 2:1 ratio of nano- 
wires and nanoparticles that are 10-30 nm in diameter 
(Fig. la). These structures are collectively referred to as n-Si. 
Their outer surfaces were covered by amorphous oxides. The 
averaged oxygen concentration was estimated to be 10 wt.-% 
by energy dispersive X-ray analysis. Powder X-ray diffraction 
measurements indicated that n-Si materials are polycrystalline 
with the same face -centered cubic (fee) structure as bulk Si. 
Crystalline FeSi 2 phase believed to be the nucleation site for 
SiNWs [8] was also detected. 

Direct vapor-phase reaction of Li metal and n-Si powder 
was carried out at 750 °CJ 12 ^ Thermal analysis and TEM mea- 
surements of samples annealed at different temperatures 
showed that this is below the melting and coalescence temper- 
atures of the n-Si. Samples with different Li/Si ratio were first 
sealed in tantalum ampoules in an Ar-filled glove-box. They 
were heated to 750 °C for 30 min and annealed at 450 °C for 
1 week. Then they were opened in the glove-box and loaded 
in thin-walled glass capillaries. Powder X-ray diffraction mea- 
surements showed formation of the thermodynamically stable 
Li 12 Si 7 phase (space group Pnma, 8.61 x 19.73 x 14.34 A) [13] 
and unreacted n-Si when the Li/Si molar ratio was 1:2 (as indi- 
cated by arrow 1 in Fig. lb). A two-phase mixture of Li 12 Si 7 
and Li 7 Si 3 (space group R3m, 4.435 x 18.134 A) [14] was ob- 
served when the Li/Si molar ratio was 2:1 (as indicated by ar- 
row 2 in Fig. lb). These results are consistent with the pub- 



t) 




b) 




Li l2 Si 7 



40 50 60 
Atomic Percent Si 



Fig. 1. a) TEM image of iianostructured silicon synthesized by the laser ablation 
method. Both silicon nanowires and nanoparticles are present. The typical 
diameters are 10-30 nm. b) Schematic binary phase diagram of macroscopic Si and 
Li. Arrows 1 and 2 indicate the compositions used in the two direct vapor phase 
reactions between n-Si and Li. Powder X-ray diffraction studies indicated forma- 
tion of two-phase mixtures of Si/Li 12 Si 7 and Li 12 Si 7 /Li 7 Si 3 phases, respectively. 



lished data on bulk Si and Li, indicating the validity of the 
temperature-composition phase diagram of Si-Li down to the 
length-scale of these nanostructures (10-30 nm). 

Electrochemical reaction of n-Si and Li metal was per- 
formed in a two -electrode Swagelok-type cell at room temper- 
ature under galvanostatic mode using a current density of 
0.1 mA/cm 2 J 15 ' The cell voltage was recorded versus the 
amount of charge transferred from which the composition of 
the monovalent Li was obtained. The n-Si electrode at differ- 
ent stages of the reaction was monitored by ex-situ X-ray dif- 
fraction and Raman techniques. Figure 2a shows the voltage 
(V) versus capacity (Li/Si ratio) data obtained from a n-Si 
sample, macroscopic Si powder (Aldrich, 300 mesh) and 
nanoparticles of Si0 2 (Aldrich, ~7 nm in diameter, 99.8 % 
pure) measured under otherwise identical conditions. In con- 
trast to the macroscopic Si powder, n-Si reacted readily with 
Li at 300 K. The reaction proceeds at essentially a constant 
voltage below 0.10 V after formation of the solid-electrolyte 
interface, as shown by both the voltage versus capacity plot 
and derivative curve of dX/dV versus V (Fig. 2a inset 1). The 
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a) 



0.0 
3.0 




0.0 1.0 2 
Voltage(V) 




0.0 1.0 2.0 3 0 
Voltage(V) 



500.0 1000.0 
Capacity (mAh/g) 



b) 




30.0 35.0 
20 (Cu Ka radiation) 



500 600 
shift (cm -1 ) 



Fig. 2. a) Cell voltage versus Li concentration data obtained from 1) a n-Si sam- 
ple vacuum annealed at 670 °C, 2) macroscopic Si powder, and 3) Si0 2 nanopar- 
ticle (~7 nm in diameter). Data were collected at 50 mA/g rate at 300 K. Insets 
in (1) and (3) show the same data in dX/dV versus voltage where x is the molar 
ratio of Li as in Li^Si and Li^SiC^. b) Powder X-ray diffraction and Raman 
spectra collected from a n-Si electrode at different stages of the electrochemical 
reaction with Li. The inset indicates the corresponding Li/Si ratio when the X- 
ray and Raman data were taken. Spectrum 4 was taken at the end of the first 
charge. The fraction of the unreacted Si was estimated by normalizing the Si 
(111) Bragg intensity with the integrated intensity from FeSi 2 . Weak and broad 
diffraction peaks were observed in pattern 2 and 3 and are unidentified. The 
position of the sp 3 Si Raman peak was slightly down- shifted from that in macro- 
scopic Si, consistent with a previous Raman report [22]. 

fraction of the remaining n-Si in the electrode I 16 ! decreased 
monotonically with increasing Li uptake (Fig. 2b). The Si fee 
lattice constant, calculated by fitting three Si Bragg peaks, 
remained the same, implying no substantial Li storage in the 
interstitial sites of the fee Si. 

When the cell voltage reached zero, the X-ray and Raman 
intensities from the n-Si phase vanished (Fig. 2b), indicating 
complete consumption of both the SiNWs and nanop articles. 



The saturation Li composition was found to be Lii 26 SiJ 17 l The 
electrochemical reaction was reversible; over 70 % of the total 
Li uptake was extracted from the n-Si electrode when the 
voltage was reversed, mostly below 0.5 V (Fig. 2a curve 1). 
Disordered n-Si was recovered, as indicated by the re-appear- 
ance of the characteristic sp 3 Si Raman mode and the absence 
of any X-ray diffraction intensities from crystalline Si 
(Fig. 2b). Several samples from different batches were mea- 
sured under the same conditions. The reversible Li/Si ratio 
varied in the range of Lio.84sSi to Lii. 78 iSi depending on the 
quality of the materials. No crystalline alloys of Si and Li were 
detected, which is not surprising considering the low reaction 
temperature. Si0 2 nanoparticles were found to react with Li 
in the voltage range of 0-1 V. Similar to the recently reported 
tin-based oxide/ 18 ! a relatively large voltage hysteresis (>1 V) 
between charge and discharge was also observed. 

Based on the Li composition, the constant reaction voltage 
and the results from the vapor-phase reaction, we concluded 
that n-Si and Li reacted electrochemically at room tempera- 
ture to form the Lii 2 Si 7 phase in the first discharge (7/12 Si + 
Li + + e~ — > l/12Lii 2 Si 7 ). The electrochemical potential of 
-0.1 V with respect to Li + /Li is lower than the value of 0.3 V 
reported for Li 12 Si 7 /Si at 400 °C, [3] which could be due to the 
effect of surface energy in nanomaterials. The ease of electro- 
chemical reaction under the current conditions is in sharp 
contrast with macroscopic Si where such reaction takes place 
only above 400 °C, but is consistent with a previous report of 
room temperature doping of silicon nano wires with LiJ 10 ^ 
Similar results were also obtained from nanostructured Ge 
(n-Ge) synthesized by the same laser ablation method. Fig- 
ure 3a shows the second cycle Li reaction and extraction data 
taken. A reversible Li capacity of 1500 mAh/g was obtained 
at 300 K. The reaction with n-Ge is however complicated by 
the presence of significant amount of germanium oxide 
(Ge0 2 ). Compared to n-Si, Li reaction with n-Ge materials 
proceeds at a gradual decreasing voltage and a distinct voltage 
step was observed on Li extraction. 

The enhanced reactivity compared to bulk Si and Ge is at- 
tributed to reduced energy barriers for alloy formation in 
nanomaterials. As illustrated by the unit cell structure in Fig- 
ure lb, formation of the lithium silicide phase requires re- 
arranging the extended Si sp 3 covalent network into isolated 
Si 4 and Sis units (the situation is the same in Li-Ge alloy), 
which imposes a high formation barrier and prevents the elec- 
trochemical reaction at room temperature for bulk materials. 
In nanomaterials, the barrier should be smaller because a 
large fraction of the Si atoms are in high energy states on the 
highly curvatured surfaces. The large volume change due to 
nucleation of the new phase can also be more readily accom- 
modated. This explanation for enhanced reactivity is support- 
ed by measurements of samples from the same batch but vac- 
uum annealed at different temperatures. Structural studies 
indicated grain-growth in these polycrystalline nanostructures 
due to annealing. Electrochemical measurements performed 
under the same conditions showed reduction in the amount of 
Li uptake with increasing annealing temperature (thus parti- 
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a) 4 0 



b) 




Fig. 3. a) Cell voltage versus Li concentration data obtained from an as-synthe- 
sized n-Ge sample. The data were collected at 50 mA/g current rate using a Li 
metal counter electrode. The inset shows the reversible capacity (C rev ) normal- 
ized by the capacity in the first charge versus number of charge-discharge cycles 
from the same sample when cycled between 0-3 V. b) Reversible Li capacities 
of n-Si and n-Ge versus the annealing temperatures normalized by the melting 
temperatures of macroscopic Si and Ge, respectively. The initial increase of 
reversible capacity with annealing temperature is possibly due to removal of 
moisture and surface functional groups from the materials. The AEi in the fig- 
ure inset indicates the energy barrier for transition from macroscopic Si (the 
extended sp 3 covalent network) to Li 12 Si 7 (isolated Si 4 and Si 5 units). The 
energy barrier is believed to be much smaller for nanostructured silicon. 

cle size) for both n-Si and n-Ge (Fig. 3b). These results sug- 
gest that there is a critical size beyond which the electrochem- 
ical reaction between n-Si/n-Ge and Li is not feasible at room 
temperature. 

The n-Si showed a significantly higher reversible Li gravi- 
metric capacity than the intercalated graphite and disordered 
carbon Compared to the tin-based oxide ^ and silicon-con- 
taining carbonaceous materials/ 19 ^ the n-Si/Li system has a 
lower and essentially constant electrochemical potential rela- 
tive to Li/Li + , which is advantageous for use as anode materi- 
als in Li-based batteries. A difference between the Li reaction 
and extraction capacity was observed in both n-Ge and n-Si 
and is attributed to break-down of the nanowires/nanopar- 
ticles (thus increase in total surface area) due to Li reaction/ 



extraction. The surface silicon oxide was found to be a barrier 
for lithium diffusion and, as in the case of tin oxide, ^ a possi- 
ble source for some of the irreversible capacity. Samples pro- 
cessed by hydrogen plasma showed improved reactivity P 1 ^ 
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Abstract 

Silicon oxide powders with different oxygen contents and particle sizes have been examined as anode materials for lithium ion 
batteries. SiOo.8 electrode can provide a reversible capacity of ca. 1 600 mA h/g over a voltage range from 0.02 to 1 .4 V vs. Li. The 
capacity drops with the increase in the oxygen content. Limited lithium insertion, however, alleviates the host volume expansion 
and thereby significantly improves the cyclability. In addition, the cycle performance is also dependent on the electrode fabrication 
method. By powder mixing and pressing, the electrode shows a larger insertion capacity, but the use of Af-methyl-pyrrolidone 
(NMP) solvent for dispersing PVdF binder suppresses the capacity fade on cycling. 
© 2002 Published by Elsevier Science B.V. 

Keywords: SiO x -based anodes; Binder dispersion; Cycle performance; Lithium ion battery 



1. Introduction 

Intensive research has been done on lithium alloys 
as anode materials for Li-ion cells. Besenhard et al. 
[1] show that some lithium alloys have similar or, in 
the case of silicon, higher lithium packing densities 
than lithium metal itself. Their reversible capacities 
are far higher than that of conventional graphite 
anode. It was reported that the initial Li insertion into 
Si-based electrode could deliver a reversible capacity 
of 3000 mA h/g; its capacity fade on cycling was, 
however, remarkably rapid [2]. In fact, poor mechan- 
ical and cycling stability has been a common problem 
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for alloy anodes. It is caused by drastic volume 
changes associated with the alloying of lithium. To 
overcome this problem, metallic oxides, especially tin 
oxides and tin oxide-based glasses, have been pro- 
posed for alternative anode materials [3—6]. Lithium 
insertion into tin oxides produces an inert Li 2 0 
matrix, which could support and disperse active Sn 
domains. The composite structures greatly alleviate 
the volume change effect and thereby improve the 
cyclability. Nevertheless, experimental evidences 
show that finely dispersed Sn domains have the 
tendency to aggregate during cycling [ 7,8]. Once large 
tin regions form, volume mismatch and capacity fade 
take place. On the other hand, such a phenomenon has 
not been observed for SiO host [9]. In the present 
study, we examine charge -discharge characteristics 
of silicon oxides with different oxygen contents and 
particle sizes. 
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2. Experimental 

Four types of SiO x powders were obtained from 
Deiiki Kagaku Kogyo, Japan. Their nominal composi- 
tions and approximate particle sizes are, respectively, 
SiOo.g (50 nm), SiO (2000 nm), SiO Li (30 nm) and 
SiOi.i (50 nm). Electrodes were fabricated by the 
following two methods: (I) Powder mixing and press- 
ing, 20% acetylene black (AB), 11% PVdF, 4% PTFE 
and 65% SiO x (in weight percentage) were mixed in 
glove box and then the powder mixtures were pressed 
onto 280-mesh stainless steel grid. The co-use of the 
two binders is necessary in this case. PTFE is sticky and 
favorable for forming, while PVdF is easy to be finely 
dispersed in the mixture. Lower packing density of 
SiO Li (30 nm) powder needs more binder to form an 
electrode, so that its electrode consists of 12% PVdF, 
6% PTFE, 25% AB and 57% SiOi.i. (II) Slurry coating, 
SiO x and AB powders were dispersed in PVdF/Af- 
methyl-pyrrolidone (NMP) solution under ultrasonic 
condition to form slurry, which was coated onto 280- 
mesh stainless steel grid. The samples were dried at 120 
°C under vacuum and pressed by a pressure of 3 tons/ 
cm 2 . Electrodes consist of 12% PVdF, 20% AB and 
68% SiO x . In the case of SiO L i (30 nm) powder, its 
electrode contains 1 5% PVdF and 25% AB . The area of 
all the electrodes is 0.8 cm 2 . 

The working electrodes were packed in stainless 
steel cells with Celgard® separator film and lithium 
counter electrode. A metallic spring inside exerted a 
small pressure on the electrodes. The cells contained 
1 M LiC10 4 /EC+DEC (1:1) electrolyte. Unless stated 
otherwise, cycling tests were performed at a current 
density of 0.2 mA/cm 2 over a voltage range from 0.02 
to 1.4 V. 

Powder X-ray diffraction (XRD) patterns were 
obtained using automated powder diffractometer with 
Cu K a radiation (Rotaflex RU-200B, Rigaku-denki). 
Assembling and measurements were performed under 
air-sealing condition for the electrode samples that 
had been charged and discharged. 

3. Results and discussion 

Fig. I presents X-ray diffraction patterns of SiO x 
powders used in this study. SiO 0 .8 consists of crystal- 
line Si and amorphous SiO. A wide and weak peak 
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Fig. 1. X-ray diffraction patterns of SiO^ powders. 

indicates that SiO powder is completely amorphous. 
We infer from the results of XRD and elemental 
analysis that the rest two SiOi.i powders contain a 
small amount of Si0 2 besides SiO and elemental 
silicon. 

All the SiO x hosts are reactive to lithium. Fag. 2 
shows the first cycle profiles of four SiO x electrodes 
fabricated by solvent-free method. SiO 0 .8 containing a 
relatively high Si content has the largest reversible 
capacity (ca. 1600 mA h/g) under cut-off of 0.02/1.4 
V. Due to inactive Si0 2 and high voltage polarization, 
SiO i i (50 nm) electrode delivers the smallest delithia- 
tion capacity (ca. 770 mA h/g). Both the SiOi i electro- 
des have a similar coulombic efficiency in the first 
cycle (ca. 49%), which is lower than that of SiO 0 .8 an <3 
SiO (60-63%). 

The voltage curve of Li insertion has a quite 
different trend for different electrodes. Although SiO 
powder has the smallest specific surface area (4 m 2 /g), 
its electrode corresponds to the highest Li-insertion 
voltage. This indicates that Si and Si0 2 within the 
electrodes may be obstructive to the initial lithium 
insertion and diffusion. For SiO^i host, a decrease in 
the particle size can obviously reduce the voltage 
polarization and enhance Li-insertion capacity. This 
is because finer powder is favorable for kinetics due to 
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Fig. 2. The first cycle profiles for all the SiO x electrodes fabricated 
by solvent-free method. 

its larger specific surface area (106 vs. 79 m 2 /g) and 
shorter Li-diffusion length within the particles. There 
is a small voltage plateau near 0.82 V for all the 
electrodes. It does not represent a conversion reaction 
from SiO to Li 2 0 and Si. This plateau is caused by 
irreversible reactions of inert materials within the 
electrodes, that is, PTFE and AB. 

As described in several papers, there is a significant 
advantage in the use of very small particles, in the case 
that host materials undergo a substantial volume 
change during cycling ! 1 0 , i 1 ] . However, as the particle 
size of SiOi.i powder is shifted from ca. 50 nm to ca. 30 
nm, the result seems to be contrary, that is to say, the 
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Fig. 4. Influence of electrode fabrication on the cycling behavior. 

finer powder gives poorer cyclability (see Fig. 3). Here 
fabrication method of the electrode may exert a great 
influence on the performance. Packing density of 
SiO i.i (30 nm) powder is fairly low and the particles 
aggregate into clusters according to an observation of 
TEM. After powder mixing, a homogeneous distribu- 
tion of all the electrode components appears unable to 
be ensured. If the powder is dispersed in PVdF-NMP 
solution by means of ultrasonic generator, the obtained 
electrode can give a better cycling stability. Fig, 4 
illustrates a correlation of electrode fabrication to the 
cycling behavior. 

Despite of improved cyclability, the electrodes 
fabricated by slurry coating give smaller capacities 
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than those by solvent-free method in the initial cycles. 
This can be attributed to a relatively high voltage 
polarization of the electrode by slurry coating as 
displayed in Fig. 5. PVdF binder, with acetylene black 
together, may homogeneously and completely encap- 
sulate the host particles via NMP solvent. The binder 
covered on the surface will more or less hinder the 
interface charge transfer. By contrast, powder mixing 
and pressing allows part of the particle surface directly 
to contact with the electrolyte. As a consequence, the 
electrochemical kinetics is improved. 

An improvement in capacity retention is also 
remarkable for the other electrodes fabricated by slurry 
coating. Fig, 6 demonstrates the charge -discharge 
profile of SiOi .i (50 nm) electrode. After the first cycle, 
the discharge curves become almost overlapping. 
Moreover, it is noted that the cycle capacity slightly 
rises with increasing cycle number at the initial cycling 
stage. This result appears to be also linked to some 
kinetic factors. Gradual electrolyte penetration into the 
inside of the electrode could extend the interface 
reaction zone. In addition, lithium transport in the host 
may become more unimpeded and rapid with repeated 
lithium insertion and extraction. 

The same voltage trend after the first cycle in Fig, 6 
may imply that the host structure is stable during 
cycling. X-ray diffraction patterns in Fig 7 confirm 
this point. After lithium insertion into the electrode, the 
diffraction peaks related to crystalline silicon disap- 
pear, indicating that silicon inside takes part in an 
alloying reaction with lithium. After the first lithium 
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extraction, the Si peaks are no longer recovered and the 
whole active material turns to be amorphous. This state 
can be maintained in the following cycles. 
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Fig. 6. The charge -discharge profile for SiOi i (50 nm) electrode 
fabricated by slurry coating. 



Fig. 8. Cycling behavior of SiO^ with different oxygen contents and 
particle sizes. 
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Fig. 8 exhibits cycling behavior of all the SiO x 
hosts. The SiO 0 .8 electrode possesses a much larger 
capacity than the others in the initial cycles, but its 
capacity retention is poor. By contrast, cycling stabil- 
ity is significantly improved by the use of SiOi.i 
powders. The limited lithium insertion into the SiOi i 
hosts reduces the volume expansion and enhances the 
mechanical strength. Therefore, the electrode can 
maintain a good cycling stability. On the other hand, 
although SiO and SiOi.i (30 nm) have comparable 
initial capacities, their difference in the cyclability is 
big. The much larger particle size of SiO may be 
responsible for its faster capacity fading during 
cycling. 

4. Conclusions 

SiOo.8? SiO and SiOi i oxides all react reversibly 
with lithium. The amorphous oxide structures can be 
maintained in the charge and discharge processes. 
Minor crystalline silicon in the SiO 0 .8 an <3 SiO^i is 
unstable to lithium insertion and will change into 
amorphous one after the first cycle. A decrease in 
oxygen content in SiO x enhances the reversible 
capacity and the first cycle efficiency, but reduces 
the capacity retention upon cycling. On the other 
hand, dispersing mode of PVdF binder within the 
electrode greatly influences the cycle performance. A 
better cyclability can be obtained, if the electrode is 
prepared by slurry coating, instead of powder mixing 



and pressing. This appears especially true when the 
host particle size is in the nano-range. 
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